Time allocation by lactating mammals is a reconciliation of often opposing nutritional and thermal demands of both the offspring and mother. Here we test the hypothesis that nest attendance patterns of lactating red squirrels (Tamiasciurus hudsonicus) vary with environmental and biological traits that relate to the thermoregulation of mothers and their offspring. We used temperature dataloggers to continuously record nest attendance and activity of free-ranging females with neonatal (n = 45) and preemergent (n = 53) litters. Lactating red squirrels concentrated activity out of the nest around the warmest parts of winter days and the coldest parts of summer days. Both younger and lighter litters had mothers that spent more time in the nest and shorter periods of time out of the nest. Females matched timing of activity within a day to the hourly air temperatures closest to their thermal neutral zone, serving to reduce individual and offspring thermoregulatory costs associated with activity. Nest attendance patterns appear to be constrained by the thermal, and possibly nutritional, requirements of the litter with females fine-tuning behavior to match constantly changing environmental and biological conditions, consistent with reduced energetic costs.
Parental care in endotherms involves nutritional as well as thermoregulatory support of offspring, both of which may impose energetic costs on mothers. (Clutton-Brock 1991; Farmer 2000) . For species that are born poikilothermic, neonatal thermoregulation is dependent on parental attendance; the extent of this dependency varies with air temperature, litter age, litter size, and litter mass (Dolman 1980; Soderquist 1993; Guerra and Nunes 2001; McGuire and Bemis 2007; Rodel et al. 2008) . In addition to restrictions imposed by neonatal requirements, the recently proposed heat dissipation limit theory suggests that nest attendance could also be constrained by a females' ability to dissipate the heat generated during milk production (Speakman and Krol 2010) . Due to the seemingly large importance of thermoregulatory processes of both mother and offspring, the climatic conditions and thermal environment under which the young are raised will determine the level of demand and associated energetic costs imposed by the young for care (e.g., Scribner and Wynne-Edwards 1994; Paul et al. 2010) . To minimize unnecessary energetic costs during lactation, nest attendance patterns displayed by a female should be adaptively managed according to outside air temperature.
Despite an abundance of evidence of temperature constraints on maternal behavior and lactation performance in laboratory settings (Johnson and Speakman 2001; Schubert et al. 2009; Zhao 2011) , few studies have evaluated whether, and how, such constraints operate in free-ranging circumstances. Recent advances in technology, including the creation of microcomputers and the increasingly smaller size of dataloggers, have greatly facilitated recording the behavior of free-ranging individuals (Ropert-Coudert and Wilson 2005) . Here we use temperature dataloggers to continuously monitor nest attendance of free-ranging red squirrels, a method similarly used in recent mammalian studies of activity patterns (Kanda et al. 2005; Woods 2009; Lazerte and Kramer 2011) . In particular, we deconstruct nest attendance patterns into ecologically relevant components and assess the effects of both biological (maternal mass, and litter age, size, and mass) and environmental (air temperature) traits for a uniquely detailed investigation of drivers of maternal nest attendance.
In red squirrels, a small mammal that is active above ground throughout the year, breeding occurs in winter with the earliest litters being raised before snow melt, while the latest litters are raised under summer conditions (Layne 1954) . In winter, lactating females must contend with subzero temperatures that would both increase the female's thermoregulatory requirements while active and increase the cooling rate of their arboreal nest. In summer, warmer temperatures would similarly increase the female's thermoregulatory requirements due to overheating while active or while in the nest, but the constraints imposed by the cooling of the nest would be reduced. The level of thermoregulatory demand depends on the difference between the thermal environment and an individual's thermal neutral zone (TNZ), which for a red squirrel varies from 15°C -ca. 30°C in winter to 21°C -ca. 30°C in summer (Pauls 1981) . However, the range of the TNZ may be slightly different in our study as little is known about how TNZs may be shifted between populations or in a lactating mammal, aside from in humans where the TNZ shifts up to 4°C throughout pregnancy and lactation (Hartgill et al. 2011) .
We hypothesize that the timing of nest attendance by lactating females will be dictated by the thermal requirements of the litter and the mothers' own thermoregulatory demands. Thus, we predict that females raising offspring during cold conditions should center activity outside the nest on the warmest period of the day when thermoregulatory demands will be lowest for the female and nest temperatures will be maintained for the longest duration. During warm conditions activity should be centered on the coldest period of the day when thermoregulatory costs for activity will be lowest. Secondly, we hypothesize that maternal nest attendance would vary with the thermal independence and thermal inertia of their litters. Thus, we predict that females with older, more homeothermic offspring and females supporting a larger total litter mass should be characterized by longer bouts away and more time overall away from the nest than females with younger and/or lighter litters. The more homeothermic or heavier the litter is, the longer warm nest temperatures can be maintained without the presence of the mother resulting in reduced nest attendance constraints imposed by litter thermoregulatory requirements. A pattern of increasing lengths of bouts away from the nest by females as increasing litter mass may also be explained by increasing nutritional demands imposed by larger litters. Thirdly, if maternal nest attendance patterns are influenced, in part, by the need to manage excess heat generated during lactation (heat dissipation theory), then we hypothesize that under warm conditions, nest attendance behavior should be affected by a need to dissipate heat. Thus, we predict that females should decrease the bout length in the nest under conditions that reduce the females' ability to dissipate body heat. These conditions include increases in air temperature, litter age, litter mass, and maternal body mass.
Methods
Study site and species.-We studied a free-ranging population of red squirrels (Tamiasciurus hudsonicus) in southwestern Yukon, Canada (61°N, 138°W) from February to July 2011. This population has been the focus of a long-term study of ecology, physiology, and evolution since 1987 (McAdam et al. 2007 ). We monitored the reproductive status of females starting in late February through regular live-capture observations of mass change and nipple condition (McAdam et al. 2007) . Within 3 days of parturition (neonatal stage), and again at 20 days after parturition (preemergent stage), females confirmed to be lactating were fitted with a collar that included a radiotransmitter (model PD-2C, 4 g [1.7% female body mass], Holohil Systems Limited, Carp, Ontario, Canada) and an iButton thermochron (DS1922L-F50, 3g [1.3% female body mass], Maxim/Dallas SemiConductors, Dallas, Texas). The radiotransmitter was placed on the ventral side of the neck, while the iButton was placed on the dorsal side using heat shrink to securely attach it to the collar band. Using this method all loggers remained on the collar for the duration of the deployments. We recorded iButton temperature at 1-min intervals, providing a maximum of 5 days of recordings before the datalogger was at memory capacity. Collars were deployed within 3 days postparturition and at 20 days postparturition. Thus, when possible, each female was monitored for a total of 10 days during lactation including both early and peak lactation sampling periods. Five days after parturition, and again at 25 days after parturition, we entered the nest and all pups were sexed, counted, and weighed. As squirrels maintain multiple nests within their territory, females in most instances moved litters to a different nest following nest disturbance (Kerr and Descamps 2008) . Collars were removed from squirrels after 5 days of recording and the nest had been entered. This research conformed to the guidelines of the American Society of Mammalogists (Sikes et al. 2011) and was approved by the University of Alberta and McGill University Animal Care and Use Committees.
Nest attendance.-Temperature-sensitive dataloggers have been used to monitor the activity of opossums (Didelphis virginiana- Kanda et al. 2005) , chipmunks (Tamias striatus- (Lazerte and Kramer 2011) , red squirrels (Woods 2009) , and birds (Schneider and McWilliams 1998; Manlove and Hepp 2000; Hartman and Oring 2006) . Body temperature in red squirrels typically varies by less than 5°C, with warmer body temperatures associated with activity (Pauls 1979; Woods 2009 ). Woods (2009) found that temperature recordings from dorsally neck-mounted dataloggers primarily reflect variation in the air temperature surrounding the squirrel, with the air temperature in a nest being warm and stable and air temperature outside of the nest being colder and more variable.
To infer patterns of nest attendance from dataloggers, temperature records were 1st smoothed using running medians at a sample window of 11 recordings to minimize noise, but to not eliminate short bouts of activity or nest visits. For every 24 h of records, k-means clustering constrained to 2 clusters was used to determine a threshold temperature, unique to each squirrel and 1-day observation period, above which the squirrel was classified as in a nest and below which the squirrel was classified as active/out of the nest. Finally, a rate of change over 10 records of greater than 0.2°C/min or less than −0.2°C/min was used to identify the beginning and end of nest visits, respectively.
The accuracy of this classification was evaluated by comparing with radiotelemetry-assisted focal observations of squirrel nest attendance (1,372 focals for 63 squirrels). Each observation consisted of locating the individual and visually confirming it was active outside the nest, or to be inside a nest through binocular-assisted inspection of branches within 10 m of the location of a nest. Squirrels were located, on average, 8 times each day (range 6-9) with a minimum of 20 min between observations.
The length of each bout in the nest and out of the nest and the proportion of the day spent out of the nest were extracted from classified datalogger records. Since squirrels primarily restrict their activity to daylight hours (Pauls 1978; Woods 2009 ) and photoperiod varies over the study period from 9.5 to 22 daylight hours, we defined a day as all hours between civil dawn and civil dusk, which includes all daylight hours plus civil twilight hours when the sun is 0-6° below horizon.
Timing of activity.-To determine if squirrels shifted their within-day timing of activity bouts over the season, we performed a separate analysis focused on the proportion of time spent in the nest during 3 daily time windows: 1) morning (1-3 h after sunrise), 2) afternoon (1300-1500 h), and evening (1-3 h before sunset). These periods were designed to incorporate important activity times for red squirrels (Layne 1954; Pauls 1978; Woods 2009) and to include both the warmest (afternoon and evening) and coolest (morning) parts of the day.
Air temperature.-Ambient air temperature (°C) was recorded every 30 min at 5 locations across the study site using iButtons shielded in plastic oval containers hung from a tree branch 3.5 m above the ground (the height at which squirrel nests are usually found at study site; Studd, pers. obs.). Average temperature of all 5 iButtons was used to calculate daily average temperatures and daily 2-h average temperatures corresponding to morning, afternoon, and evening time windows.
Biological traits.-For each recording period, litter age was classified as neonatal stage (nonthermoregulating, furless, ~5 days) or preemergent stage (thermoregulating, furred, ~25 days). Litter size was classified as the number of young present during the nest entry following the iButton sampling window. As litter mass was collinear with litter age (Pearson's R 97 = 0.86, P < 0.0001), we used litter mass residual to reflect whether a litter was larger or smaller than the average expected given the pups' age (calculated as litter mass = 12.52 + 6.31 * days of age; R 2 94 = 0.73, P < 0.0001). Statistical analysis.-All analyses were completed in R with packages lme4 for generalized linear mixed models (GLMMs) and nlme for linear mixed effect models (LMMs) (Pinheiro et al. 2016; R Development Core Team 2010; Barton 2016) . For all analyses, we used mixed effect models with animal ID as a random effect. Prior to modeling, all continuous explanatory variables were centered and standardized by 2 SD to allow for interpretation of main effects and comparison of slopes both within and between models (Gelman 2008; Schielzeth 2010 ). All models tested 4 biological and 1 environmental fixed effects: litter characteristics (litter age, litter size, and litter mass residual), maternal characteristic (maternal mass), and air temperature.
We used logit-link binomial GLMMs to model proportion of day spent out of nest. Our analysis showed high levels of overdispersion, likely due to large individual variation in behavior. We, therefore, included an additional random effect of observation number to control for this overdispersion. To model the maximum bout length spent in the nest and maximum bout length spent out of the nest, we used LMMs. To determine the effect of time of day on activity, GLMMs were used and similarly to the proportion of day spent out of the nest, our analysis showed high levels of overdispersion so we incorporated a random effect of observation number. A categorical variable for daily time window (morning, afternoon, and evening) was included as a fixed effect interacting with air temperature.
Results
We attached 98 dataloggers to 74 individual lactating squirrels between 28 February and 8 June 2011, when recorded air temperatures ranged from −33.5°C to 23.5°C. Twenty-four individuals were sampled during both neonatal and preemergent stages. Twenty-nine individuals were sampled only during the neonatal stage, usually because they experienced reproductive failure between the 1st and 2nd nest entry. Twenty-one individuals were sampled only during the preemergent stage, usually because they were confirmed to be lactating too late after parturition to be monitored during the early neonatal stage. Overall, sampling effort was slightly biased toward the neonatal period (n = 53 females) relative to the preemergent period (n = 45 females). The occurrence of litter loss did not differ between females that were fitted with radiocollars and dataloggers (n = 74) versus those that were only fitted with radiocollars as part of the long-term study (n = 128; Χ 2 1 = 0.40, P = 0.52). K-means classification of temperature recordings as in and out of the nest matched 79% of focal observations (Table 1) . Although caution was taken, some error is presumed to be associated with a mismatch of focal time recording and datalogger time. Although focal observations are considered to be accurate, there may be some observation errors. Six days of recordings were removed due to misclassification associated with a change in baseline temperature that may be the result of a nest change or shifting of collar.
Based on datalogger classifications, nest attendance patterns of lactating squirrels were highly variable as the daily proportion of time spent out of the nest during civil daylight hours ranged from 5% to 85% with an average of 45%. The maximum continuous time that a mother spent away from the nest on a given day averaged 189 min (range 22-815 min), with a mean of 6 bouts out (range 1-20 bouts) in a given day. The maximum length of time that a mother spent in the nest in 1 bout on a given day averaged 227 min (range 16-715 min). The proportion of time spent out of the nest increased with increasing temperature (0.22 ± 0.07, z = 2.9, P = 0.003; Fig. 1a) , increasing residual litter mass (0.31 ± 0.08, z = 3.8, P = 0.0001; Fig. 1b) , and increasing litter age (0.25 ± 0.07, z = 3.6, P = 0.0004; Fig. 1c) . There was no effect of litter size, maternal mass or any interactions between temperature and litter characteristics on the proportion of day spent out of nest (P > 0.1; Table 2 ). Daily maximum bout lengths out of nest increased with increasing residual litter mass (0.24 ± 0.07, t = 3.4, P = 0.0007; Fig. 2a ) and increasing litter age (0.20 ± 0.06, t = 3.3, P = 0.001; Fig. 2b) . No other driver influenced the maximum time away from the nest (P > 0.1; Table 2 ). Thus, nest attendance decreased with increasing thermal independence and thermal inertia of the litters. Daily maximum bout length in the nest was temperature dependent with bout length increasing with increasing temperature for heavier than average litters. Bout length in the nest decreased with increasing temperatures for lighter than average litters (temperature × residual litter mass interaction: 0.36 ± 0.10, t = 3.6, P = 0.0004). This created a pattern where bout length in the nest increased with litter mass at cold temperatures but this difference diminished as temperatures decreased to the point where bout length in the nest was similar regardless of litter mass at the warmest measured temperatures. Litter age, litter size and maternal mass all had little to no influence on the maximum bout length spent in the nest (P > 0.1; Table 2 ). Thus, patterns in bout length in the nest suggest that nest attendance at cold temperatures is influenced by the thermal independence and thermal inertia of the litter and provides little support for the heat dissipation limit theory.
For the analysis focused on within-day timing of activity bouts, we found an overall pattern of a transition from unimodal daily activity centered at the end of the day on cold days to bimodal daily activity at intermediate temperatures and unimodal daily activity centered at the beginning of the day on warm days (Fig. 3) . The proportion of time spent out of the nest during morning hours increased from ~0.10 when temperatures were −30°C to ~1.0 when temperatures were 0°C (2.24 ± 0.45, z = 4.9, P < 0.0001). As temperatures increased from −20°C to 15°C, time spent out during afternoon declined from ~0.75 to ~0.1 (−3.53 ± 0.5, z = −7.0, P < 0.0001), and time spent out during the evening declined from ~1.0 to ~ 0.0 (−4.39 ± 0.6, z = −7.9, P < 0.0001; Fig. 4 ). The proportion of time spent out during each time period tended to increase with increasing litter age (0.63 ± 0.33, z = 1.9, P = 0.05) and increasing residual litter mass (0.78 ± 0.43, z = 1.8, P = 0.07). Neither litter size (−0.20 ± 0.42, z = −0.5, P = 0.6) nor maternal mass (0.35 ± 0.30, z = 1.2, P = 0.2) affected the proportion of time spent out of the nest. Thus, the timing of nest attendance suggests that it is dictated by the thermal requirements of the litter and the mothers' own thermoregulatory demands.
discussion
Using temperature dataloggers to monitor activity of wild animals, we found that a combination of environmental variation in the form of air temperature and biological variation in the form of litter characteristics influenced the structure and overall daily nest attendance patterns of lactating red squirrels. All correlates that influenced components of nest attendance patterns suggest that maternal energetics and expression of thermal avoidance behavior affect when and for how long a female attends her young. Although previous studies of lactating mammals have shown behavior and activity patterns to vary seasonally (Thompson 1976; Pauls 1978; Cresswell and Harris 1988; Rathbun and Rathbun 2006; Hetem et al. 2009; Kowalczyk and Zalewski 2011; Brinkmann et al. 2012) , according to air temperature (Ellison 1995; Kerth et al. 2001; Krijgsveld et al. 2003; Sears et al. 2009 ) and in response to biological traits (Soderquist 1993 ; McGuire and Bemis 2007), our study uniquely assessed integrated responses to environmental and biological variation in free-ranging lactating mammals.
Thermal energetics of lactating females.-We have previously found evidence that lactating red squirrels select insulated nests according to thermal conditions (Guillemette et al. 2008) . In this study, we found that mothers increased the proportion of the day spent in these nests as daily temperatures decreased, as has been previously shown in red squirrels (Williams et al. 2014) . Such behavioral avoidance of cold temperatures in winter helps to explain the low field metabolic rates seen at extreme cold temperatures in this population of red squirrels (Humphries et al. 2005 ). On top of this general pattern of total daily activity increasing with air temperature, we found that temperature also affected when activity occurred within the day. We found that mothers switched timing of activity within a day to coincide with the hourly temperatures that are closest to their thermal neutral zone (15-30°C, winter acclimatizedPauls 1981), likely in efforts to conserve heat or reduce heat load. This shifting included during the coldest days, increasing activity during the warmest parts of the day (afternoon and evening) but remaining in the nest during the coldest parts of the day (morning). In contrast, during the warmest days, lactating red squirrels switched activity to the coldest periods of the day. Although patterns of behavioral shifting of activity within a day in accordance to ambient temperature commonly occur in other rodents in both warm (e.g., Rezende et al. 2003; Vieira et al. 2010 ) and cold climates (e.g., Hinze and Pillay 2006) , by looking at behavioral patterns of activity at 2 temporal scales, daily and within day, we show that temperature-mediated behavioral patterns may be much more complex, and patterns at one temporal scale may not be consistent at another.
Energetic constraints of litters.-In addition to the thermal energetics of the female, we also found evidence that energetic constraints of the litters are important since both litter age and litter mass influenced nest attendance. We found that mothers with litters heavy for their age or with older preemergent litters spent less time over the day in the nest and left the nest for longer bouts than mothers with lighter litters or with neonatal litters. Although without further investigation it is difficult to distinguish whether it is the nutritional or thermal requirements of the litter that contributes to nest attendance patterns, it is likely a combination of both constraints. Alberts (2007) suggested that reduced restrictions on nest attendance patterns Table 2 .-Standardized estimates, SD, and associated z-, t-, and P-values of correlates of proportion of day spent out of nest, maximum daily bout length out of nest, and maximum daily bout length in nest. Proportion of day spent out was tested using a GLMM and maximum bout lengths were tested using LMM. All models included squirrel ID and observation number as random effects. Predictors in bold are considered significant.
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Estimates ± SD z P Estimates ± SD t P Estimates ± SD t P observed in Rattus norvegicus by more heterothermic litters and those with heavier total mass were due to the higher heat capacity of the litter. In addition, Auclair et al. (2014) found in Mus musculus domesticus that mothers that did not partake in communal nesting spent longer in the nest over a day strictly due to the increased thermal regulatory demands of solitary nesting. As we found that litters with a smaller thermal inertia (i.e., lighter litters) required longer bouts in the nest by mothers when temperatures were cold as opposed to under warm conditions and that litter size had no effect, it seems to suggest that in the red squirrel system, thermal constraints of litters may play an important role in nest attendance patterns. However, it is important to note that there is a possibility of reverse causation occurring where the amount of time a mother spends with a litter may be determining the mass of the litter and not the mass of the litter determining nest attendance. Alternatively, both litter mass and nest attendance might be responding to an external influence. For example, in squirrels, increased local density has been associated with a reduction in time spent in the nest (Dantzer et al. 2012) , but an increase in the growth rates of pups (Dantzer et al. 2013) . The observation that lactating females spent less time in the nest when air temperatures were warmest appears to be consistent with the heat dissipation limit theory (Speakman and Krol 2010) . But, the warmest ambient conditions that occurred in our study (15-20°C) only just approach the lower critical temperature of adult red squirrels (15°C winter acclimated, 21°C summer acclimated -Pauls 1981) , suggesting that this activity pattern may relate more to the thermoregulatory benefits of warm weather activity rather than heat dissipation requirements. Additionally, we found that maternal mass had no influence on nest attendance, contradictory to what would be predicted by the heat dissipation limit hypothesis (Speakman 2010) . A better test of how heat dissipation requirements influence the activity patterns of lactating red squirrels requires repeating this study in a year when reproduction occurs later, under warmer ambient conditions.
Air temperature
Air temperature and seasonality.-This study was completed in a highly seasonal environment, which means that air temperature cannot be considered as a singular entity. Over the course of sampling as temperature increased, daylight hours increased, snow depth decreased and in general, local conditions transitioned from winter to summer. Since these environmental factors are highly correlated and difficult to disentangle, we utilized temperature as it was most relevant, but all influences of air temperature reported should be considered as a combination of all variants that are linked with seasonality. A perfect example of this is our finding that bout length in nest increased with temperature for heavier than average litters. If we only consider temperature, this result seems contradictory to our hypothesis but it is more comprehendible when day length is considered. On short days, females may be limited in the amount of time they have to feed, so they spend the minimum amount of time required in the nest during the day, but as day length increases and they are less constrained they may begin to spend more than the minimum required time in the nest, thus increasing bout lengths. This also helps to explain why the differences in bout length in the nest disappear between litter mass at warmer temperatures or longer days.
Using temperature dataloggers for activity.-We successfully used temperature dataloggers attached to a collar to record activity and nest attendance. Although we found high accuracy in categorization of dataloggers with behavioral observations, there were a few situations where the technology may not be ideal. If the sensor is exposed to direct sunlight, recorded temperatures will be considerably above ambient temperature. We had a few recordings well over 40°C, but based on behavioral observations that squirrels in our study never spent long periods of time resting in direct sunlight, we were able to assume that any misclassification due to sun would be a very short bout length and thus would have limited effect on the variables we used to describe nest attendance. In addition, temperature dataloggers would become an ineffective tool for monitoring activity when temperature differences between the active and inactive thermal environments are small, as would be the case in summer months. Although measures of activity are 1 use of temperature dataloggers, they also provide opportunities to quantify the thermal environment that an animal is experiencing which in many cases will vary from the ambient temperature of the region that is commonly used. The ability to link microclimatic variation to the behavior, physiology, and energetics of an animal is an exciting step forward and will become increasingly important in understanding how animals will cope with temperature changes in the future.
The daily characteristics of nest attendance patterns in red squirrels including proportion of day spent in the nest and the maximum bout lengths both in and out of the nest were strongly influenced by litter age and residual litter mass in ways that would be predicted by thermoregulatory and/or nutritional constraints of the litter. Lactating females adjust the timing and structure of nest attendance patterns within the day to match the thermal environment in ways that are consistent with what appears to be both cold and heat avoidance, and a lowering of thermoregulatory costs associated with excursions away from the nest. We were able to uniquely assess integrated responses to environmental and biological variation in free-ranging lactating mammals. The clear and integrated importance of biological and environmental correlates on nest attendance patterns, within the same population, in a single reproductive season emphasizes the complexity of climatic influences on behavioral and reproductive performances of free-ranging endotherms.
